
AD-753 987

A PRELIMINARY STUDY OF MAXIMAL CONTROL

FORCE CAPABILITY OF FEMALE PILOTS

A. Howard Hasbrook, et al

Civil Aeromedical Institute
Oklahoma City, Oklahoma

July 1972

DISTRIBUTED BY:

National Technical Information Service
U. S. DEPARTMENT OF COMMERCE
5285 Port Royal Road, Springfield Va. 22151



Best
Avai~lable

copy



FAA-AM-'72-27

A PRELIMINARY STUDY OF MAXIMAL CONTROL. FORCE
CAPABILITY OF FEMALE:P-ILoTS.

•m• Bonne ,K.rim, M.S.*

Karl H. Bergey, M.S.*
Richard F. Chandler, BS.M.E.**

l•e A. Howard Hasbrook**
Jerry L. Purswell, Ph.D.*

Clyde C. SnoW, -Ph.D.**

*Department of Industrial Engineering
The University of Oklahoma

Norman, Oklahoma 73069

**FAA Civil Aeromedital Institute
P.O. Box 250_8i

Oklahoma City, Oklahoma 73125"

rifl

July 1972

Availability is unlimited. Document may be released
to the National Technical Information Service,
Springfield, Virginia 22151, for sale to the public.

Prepared for
DEPARTMENT OF TRANSPORTATION
FEDERAL AVIATION ADMINISTRATION

Of3ce of Aviation Medicine
Washington, D.C. 20591

R•.Poduced by
NATIONAL TECHNICAL
INFORMATION SERVICE

U S Department of Commerce
Sprnigfield VA 22151



The contents of this report reflect the views of the FAA Civil Aero-
inerlical Institute which is responsible for the facts and accuracy of the
data presented herein. The contents do not necessarily reflect the official
views or policy of the Department of Transportation. This report does riot
constitute a standard, specification or regulation.



TECHNICAL REPORT STANDARD TITLe" PAGE

3. Report No. 2. Government Accession Nis, 3. Recipient's Catalog No.

FAA-AM-72-27

4. Title and Subtitle 5. Report Date
A PRELIMINARY STUDY OF MAXIMAL CONTROL FORCE July 1972
CAPALILITY OF FEMALE PILOTS 6. Performing 0,,qonization Code

7. Authors) Bonne Karim, M.S., Karl H. Bergey, M.S., 8. Performing Organization ReportNo,

Richare F. Chandler, B.S.M.E., A. Howard Hasbrook,
Jerry L. Purswell, Ph.D., Clyde C. Snow. Ph.D.
9. Performing Organization Name and Address 10. Work Unit No.

FAA Civil Aeromedical Institute
P. O. Box 25082 11. Contract or Grant No.

Oklahoma City, Oklahoma 73125
13. Type of Report and r,.'-)d Covered

I2. Sponsoring Agency Name and Address
Office o Aviation Medicine
Federal Aviation Administration OAM Report
800 Independence Avenue, S. W. 14. Sponsoring Agency Code

Washington, D. C. 20591

15. Supplementary Notes

Work was performed under Task No. AM-A-72-PRS-52.

16. Abstract
The growing number of female pilots entering the field of civil aviation has
suggested the need for a study of the maximum allowable forces which should be
specified for operating aircraft controls. Therefore, a study was made of the
maximal voluntary forces which a sample of 25 female pilots could exert on each
flight control. Further, the percent of maximal strength versus endurance relation-
ship reported by other investigators was studied for this population in operating
each control. The percent of maximal strength versus endurance relationship was
established and compared with the results of other investigators. The results
obtained indicate a need tor further study of the subject in simulated and actual
flight.

17. Key Words t'. Di-tribution Statement

Female pilots, Civil avi'tlon, Control Availability is unlimited. Document may be
forces, Aircraft dpsign releaaed to the National Technical Informa-

tiort Scývice, Springfield, Virginia 22151,
for ale to the public.

n 19. Security Closs.f. (of this report) . Scurilt Clossif. (of -.II 1,nU l 21. No. of Pages 22. Prc$ .

17
Unclassified jUnclassified $ 3.00

Form DOT F 1700.7 (8-69)



A PRELIMINARY STUDY OF MAXIMAL CONTRO01 ",?ORCE CAPABILITY

OF FEMALE PILOTS
1. Introduction. minutes, thus properly defined time limits for

During flight the pilot of a light aircraft ex- force ap~plication are essential to the specification
peiece anubr f iferntcndtinsune of maximum allowable control forces. In a

which hie imist apply forces to the aircraft reet.sudPil 190 inrptd em

controls. Ini some instances an application of pora ry to mecan less than 1.) seconds and "pro-
force for only at few seconds is necessary to per- longged" to mnean at Ieriod "which is long, several

formn a maneu.lver or to bring the aircraft under minutes, in comparison to a temporary, several
coniol. n oher it ay e neessry fr t e conds period." In the present study "tempo-
conrol Il oter itmaybe ecssay fr tle rary" forces were measured in terms of each

pillot to exert forces over an extended period of sbetsmxmlefr naygvncnrl
several minutes in order to miaiaitain control of sujet'sod maximal weffrt one e any g aiv ng cotrol
the aircraft. These forees may be exerted on "Poo0 ocswr maue yhvn h
One control alone or on various ct-mbinat ions of subject maintain several p~redeterminied levels of

controls simultaneously. At certain times they force for as long as possible. These levels of
be mal whle n ohersitatins pplca- force were approximately 25%7, 505o and 75% of

may bsmlwhlinohrstain pic- each subject's maximum for any given control
tions of very large forces which are close to the axis.g
limits of the pilot's maximal strength may be Because of the lack of clarity of one or two
required. hmand use and length of time for "temporary"

The present regulation specifying vontrol force ?Il1"rlne'freaplcto ntm ~ee
limiits for thle type of light aircraft flown by I
genieral aviation pilots is given in Part 23, Sub regulationis, at need was exp~ressed to develop a

A~~imtion program of strength tests which would accmn ately
p~art B, Section _'3.143, of the Federal Avai n ieasur- tile strength capabilities of a1 pilot in

~egulllations (FAI? 21.l413). This regulation uses fi~t 1~lm~ll~i-
thle Words "temporary- and( "p)rolonged- to dutdb itsuiewrecn
designate between thle two timle periods of force ded yPul (1970) utsing women p)ilots as

appicaion bu dos nt seciicaly efie tem. subjects. These studies seemed to indlicate that
aI~~liatonbu dos nt pecfiall dein thm. the forces specified by FAR 23.143 mnight be

Furthermore, thle regulation does not state ecsiefrsncwmnplta ela ~s
whether one or two hands are to lbe usedl onl the sibly for sonip ic le p~ilots over ae35. I1 addi
controls to maintain tile Specified forces. Some .in' P- oprdFA. 313wt twvo
critical flight situations require the uise of only lrreuatintie rtsh ivlAwoh-
one b~ id on the controls. No information is ness Regulation, 11CM1I K24( 3.4, and the V.S.
a va ilal)le concverimingif lhe originl of, tile cont rol Mi igmltin -- 75B *Fyn

force limits specified by this regulation, thus Iv vulie fo Pioe ipae,'adfud a

(amulotju~ge hei e5)ec tothe thle control forces specified inl FAR 23.143 are
plui sical capacityN of' tilie genleral a viation p~ilot tel,,ll-bpbrtaltoeSeiidb hspogenerally or ighe thini Ih thoution spciie by thes

poultin r mca sticflgh stutin other regmlalit ions. fl particular, tilie control
Previous studies by VanlOosteroiui ( 1059) have forces specified by B('A R K(2-4 3.4 and MI1r-F-

sliowmi that a1 pilot's ability to exect force Onl lilt '785 B are- Sulbstanlt iaih lower thanl those speci-
aircra ift control decreaiscs wvith tit- aniloimnt of fied bv FAR 23.143 for ailieron and elevator.
ti imeIlie is requIlired to lihi. . .n that "'ONc. AS Rmid(e'r forceý are approx.~-imamtely equal for tilie
inemitione(l above, inl soirie inst anies at pilot is liree. reguilat ions.
req1 uiredl to exer't force for only a i fewv seconds Recognition of possible inmudequacies; inl the
wh-]ile iii others forve uiiuqt bp exertedl for several jpreseiit standards for- pilot control forces, espe-



ciaily when it is noted that 12,000 femlale pilots inal force exertion but told nothing about the
are now li,ýeised, led to ai joint .;tudy of pilot aniotnt of force ai reasonalble percentage of pilots
control forces by the University of Oklahioma should be, exp~ected to exert.
and the Civil Aeroniedical fiistite of the Fed- A second series of tests was begoin by the
eral Aviation Administration. The study inl its National Aeronautical Research lustitutte (NLL)
entirety is covered inl a Mfaster~s thesis, by Karim. inl Anisterdamn in the early 1940's. The objec-
(1971). This OAAM Report p~rovidles at condensa - tives of this program were to test at statistically
tion of that study. valid sampjle of the pilot popilthirin and to

A. Review of Pr-edous( Research. The need for achieve reliable mneasuiremients for the magnitude
at study of the strength capabilities of p)ilots wvith of forces exerted. Th'lis work is suniniarized inl
respect to aircraft controls has been recognized a report of a 1958 NLL study by VanOosteroni
for many years. However, little wvork lias been (19.)9). VanOosteromi measured optimal control
done inl this field with the objective of procluc- pnositions for maximal force exertion and maxi-
ing results which could be used to specify mnaxi- mnal force exertion over four (differenlt time in-
mumi control force limnits for general aviation teivals, using 27 civilian and military pilots
aircraft. strap~ped into at cockpit model. Measurements

Early studies were con~cernied primarily w~ith wvere muade for the right hland only.
testinig the effects of dlifferent variables oil Only two sources were found (other than
pilot's maximal force exertion on aircraft con- regulaitions ('urk'ently inl use) which actitally
trols. Hlertel (1930) invicstigrated armIl streng(- ti i'ecoimm1leld specific control forces that at certain
for pushi andl pul1 onl stic> cvontr-ols, using w2 perem'nttge of p)ilots cani lie expected to maintain.
"4athletic piilots and engineers" in at ground-based Morgan and Thomas ( 1945) included a table giv-
aircraft cockpit. Measurenments wvere taken i~th ing data for the "greatest all-out effort the aver-
both hands, with each hiandi aln anmd wiith or i age p)ilot is capable of exerting with both hands
without at restraining harness. An attempt wvas for a very3 short wvhihe,". "thle maximum force
made to study the influence of fatigue on at pilot's NOCcall demand of' himi for at short while wvithi
per forn itance, but measureiments of force nimanii- one Or both hiands,- and tile "greatest force lie
tilde oier at periodl of time wvere inaccurate. Two cares to exert for a short while with onle or both
add~itional studies wvere made by the Nat ionail hands." Tilhe paper states that these dlata were
Advisory Committee for Aeronautics inl the rrv f.n lgh et of at wide variety of
1930's, both using two miiale, test pilots and -it arp~lanes: hio~iteier, nio in fornmmation cm these tests
ground-based cockpit mock-up. Goughi aid Beard is ni ai lable. W'e knlow niothing about tile pliYsi-

(193) ii(; jjet igated the effect of control positioni cal (characterist ics of t his "a'. elage pilot" or thle
rehat i e to thne pi~ot's seat and att ituide oif the air exact length of the timie mnentioned for fi~rce
craft, onl thle maximal force-; exerted by subjects exertion.
onl stick and rudder controls. Mleatiremneicts m..ere A stitmdv by Watt ( 196:3) of the RCAF Ini-
taken for the right hland and right foot only wvith stitulte of A'.iationl Medicinle, Toronto, rlecolni-
tile suibjects rest rictedi b.N a lleaý aerobat ic lar- niieiik conitrol force liiiiits smmpilosedl , applicable
niess; thiey concluded thia: the resilit" of ( lie test to 91j,) of the Aniilerican adult mnale population;
were nlot i.alid for actin .l flight conditions be- ho..e' r o .Iustilh at ion iS gi'.en for this fig-iile.
cause thle accelerating forces mxormiallý encounitered1 Watt St .mied the plish-puhi for-ccs exerted onl a
ili tiil fligvht for tile at1tit Ides Atmidied did niot control colmnii b 1) ,m me 2 iivSubjects, strapped into
exist inl tli, "isgounid-based test. McA '.oN 1I937) a1 piilot's m at Iiilocki-1) AMetilsmurenitents .' Nere takemi
nmimae a simlilar :Atudv, lookinig at tilie effects (of for Loth hands andl each hamnd alone. No data
wvheel posit ion relative to thle Seat, '.. ieed Size, alie gi'enl t'on ruldder contrtols.
hand grip Onl whveel and uise of at restrainling It is e'. dent that no ac".1imate t'oilivIlliolts calt
hiarnless, onl a pi lot's abil ityx to exert forct, omi a be ailide troilt thle al o e Studies aboult ti( lie 1)1 vsm -

cont)rol '.v~m'el, Th'le results of both thIese -studies cilt caplabililt s of pilots inl tile exertion (of force
were flot applicable to anly greneral pilot popli oil aircnraft conmtrols lbecallse the saumples uised
lation since onlhy two subjects '%'.ere, used. I'huev '..v re not rel resent at i.e of ami general pmilot liolui-
dlid estabhi'im opitimalh control posit ions for niaxt.i but i'm and .uccuimate iniemtkirt'titemmt of force exerted



woere not made under conclit ions simi.latling actual subjects. More recetititv, CNaldwell (1964-) studied
flight, this reclationship for imanl pull Oil an1 iso-

Extensive r-esear-ch has~~ beenk conducted inl the metr-ic dynuamomneter- handle and agrain found
past to determine the relationiship between p~er- that, with r-elative loading-, individual (differences
Cenltage of ma1,xial satIc teghan nuac inl endur-ance wer-e mnrelated to differ-ences inl

for force exer-tions inmoh ing different muscle ma ximnal str-ength. Similar wvork his also been
groups. Kroemer- (1970) cites E. A. Mu1teller's clone onl the r-elativ-e-loaid-enidunamice r-elationslijl)
exper-iments, dutring the 1930*.-,as initiating the by M1olbechi (196i3) and Monoci and Schemrer
original idea of a maximal strlength-strength ( 11).7
enduhr-ance r-elationship. Elbel (1949) investi- Kironiner (1970) relpor-ted that the relationship
gatedl the r-elat joulSh p Imetw~een leg endunrance between r-elat ile St r-engtl and st-rengthl endurmnce
and the force applied to a p~eda~l, wvhle Tuttle, had been definitely e.,tabhislied 1),y the work of
Janie ,y and~ Thiompson (191)0) measured grip- Elbel, Caldwell, Ronimer-t and other-s. This r-ela-
strength. A decade later- 1lohnicine (1960) p~er- tiojsjlmip is shlown inl Figurile 1.
formed sillilar. experlivents, measuring endir- Tbe many %ariables which enter, iaito a study
alivea-t aisleeso maimnreose of thmis miaturev, as tlenioiistr-atecl by thme, initial inl-
strength for, diftierent muscle groups. Inl ever-y flight pilot stdih maide it nieces~savy to develop
case it was found that, despite individual dif- a1 sy*stemlatic rescarchm program-l with increasing
ferences inl maximum strementh. r-elative lo):I(iing levels of sophistication. This study was the
eliminated any. difflerenices inl endlurance among inta sepe longattcrud-sd
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cockpit simulator. This study is to be followed used is also shown. Mea..urement of force levels
by studies in a ground-based simulator with full for both the right and left arms for elevator
motion capabilities, and ultimately an in-flight push allowed a comparison of strengths to be
test program. I made for the two limbs. The trials for strength

In the present study an attempt has been versus endurance and the force levels chosen
made to investigate the problem in terms of are shown in Table 2.
maxin'al strength and strength versus endurance
with fthe objective of not only defining the TABLE 2.-Meaures of Strength Versus Endurance
strength capabilities of the female pilot popula- Obtained
tion but also of confirming the load-endurance
relationship for this type of task. Once this Control Movement Force Levels-lbs Limb Used
relationship is established, further studies of
the pilot strength problem would be greatly Elevator push 15 Right arm
simplified because it would only be necessary to 30
measure maximal strength for a given maneuver 45
in any particular airmraft. Endurance times Left rudder 35 Left leg
would be calculated directly from tile relative 70
load-endurance curve and thus the test program 105

would be simplified considerably. Left aileron 10 Left arm
15
25II. Method.

Maximal voluntary strength (in pounds) and
strength versus endurance (in seconds) for the For the first phase of the experiment, the
operation of rudder, elevator and aileron controls measurement of maximum strength was accom-
were assessed. plished. Each of the subjects was tested on all

In measuring the forces, it was necessary to control axes, and thd order of presentation was
decide whether the elevator and aileron forces randomized according to the following scheme.
would be measured for one hand or both hands The series of controls to be tested involved -.our
on the control wheel. After due consideration, tests using the left arm, one test using the right
it was decided that the usual pilot routine of arm and one test for each leg. The order of
operating the wheel with one hand would be testing was randomized separately for the trials
used as the task, since the other hand would be using the arm and the two leg trials. The leg
used in operating other controls for many emer- tests were then interspersed between the left arm
gency situations where control force is a con- tests in the following patterns and the patterns
sideration.

The maxinmal static effort, usually called a vere alternated for successivu subjects.

maximal voluntary controction (MVC) in the Pattern 1: Arm, Arm, Leg, Arm, Leg, Arm
literature, was measured for the types of control Pattern 2: Arm, Leg, Arm, Leg, Arm, Arm
movement specified in Table 1, where the limb Using this scheme, no more than two left arm

tests in succession were required. 'The measure-
TABLE 1.-Measures of Maximal Voluntary Effort itient for the right arm was made after the other

Obtained mtaxinmal strength tests had been completed for
each subject. No rest period was allowed be-

Control Movement Limb Used tween these tests, other than tile time it took
to reset the equipment for the next trial (less

Elevator push Right and left arm separately thlan one minute). Kroenmer (1970) states dhat
Elevator pull Left arm
Right aileron Left arm fatigue is not a problem for maximal strength
Left aileron Left arm exertions of less than tea seconds in duration
Right rudder Right leg and maximal strength in these tests was exerted
Left rudder Left leg for less thani ten seconds in all cases.



For the enduranceA trials subjects were presented A. Coekpit Model. A wooden box frame con-
three levels of force to maintain for each of structed of 3/4" plywood was used for the cock-
three control axes. The nine experimental con- pit model. The box was fastened to a 4' by 8'
ditions were randomized for each subject. Dur- base of 3/4" particle board for added stability
ing this phase of the experiment a five minute during the tests. A drawing of the cockpit frame
rest period was allowed between each trial, is shown in Figure 2.
Astrand and Rodahl (1970) report that for The pilot's seat was constructed of 3/4" ply-
steady-state work of moderate i:-:.nsity this re- wood covered with a 2" thickness of foam rubber
covery period is adequate for most people. padding. D)imensions of the seat were chosen

Strain gauge mounting on moment arm fixed to frame

Voltmeter to register rudder forces

Voltmeter to register " 1,
elevator and aileron forces 00;e

Strain gauge mounting onrudder pedals • '

Tracks for aircraft seat

Fxiotw 2.--View of Cockpit Simulator Used for Strength Tests.

to conform with those of a standard aircraft rudder plates with the seat in the foremost posi-
seat. The seat was bolted to a steel base fitted tion. This distance was chosen to corresl)ond
with rollers, and mounted on standard aircraft with that generally found in light air' .. aft.
tracks fastened to the floor of the box frame. A. standard aluminum aircraft control wheel
Six horizontal position adjustments in 1" incre- of 10" diameter was used. Since subjects had
ments were provided, with a distance of 18" trouble maintaining a proper grip on the wheel,
between the leading edge of the seat and the a layer of masking tape was added to the point



of grip midway during the experiment. The in parallel with the chart recorder was attached
wheel was pinned to a control colunn which, in to the physiograph for use by the experimenter.
turn, was fastened to a moment arm at the far This meter was used for reference when deter-
end of the frame. The moment arm provided mining the amount of deflection required for a
a mounting for the strain gauges used to measure given level of force and for setting this deflection
aileron and rudder forces. The wheel was aligned on the subject's meter:
in the neutral position during all tests and was C. Accessory A'quipment. A winch was
essenf ially immobile, although the elasticity of mounted on a wooden platform with a height
the measuring system permitted some slight adjustment provided to place it in line with
deflection. either the elevator or rudder controls. A spring

Two 6"x 37/sT x¼/" steel plates, welded ver- scale was then attached between the winch line
tically to horizontal 10"x 5"x 1/2" steel base and the appropriate control. The scale was at-
plates, were bolted to the floor to serve as rudder tached directly to the end of the control column
pedals. Strain gauges mounted on the plates for calibrating elevator forces and to cables con-
were used to measure force levels. A 1" steel nected to the rudder pedals for calibrating these
pipe mounted 11/4" from the top of each plate forces. This arrangement enabled the experi-
was used as the point of force application. menter to exert force on the desired control by
Again, only static loading conditions were means of the winch and to read the force being
studied and the -two rudder pedals were im- applied on the scale.
mobile. With this type of pedal arrangement The spring scale was calibrated along its full
it. wais only possible to measure components of range using known lead weights and was found
force normal to the pedal surface. However, to be accurate within one pound. Calibration
with the type of pedal arrangement in an actual was performed before the test program, midway
aircraft, the only effective force on the pedal is during the program and at the end of the pro-
still that which is normal to the pedal surface. gram. Calibration for elevator and rudder con-

B. .oiitorh.rl A'qidpmen•. In order to con- trols was accomplished by matching deflections
duet the endurance testing, it was necessary to on the recording paper with deflection made by
provide a visual display for the subjects' refer- applying known forces with the winch-scale
ence in maintaining the re(lqtired force level. This arrangement described above.
system was an addition to the usual chart record- Calibration for the aileron force wias per-
ing system and bridge circuits employed for formed prior to each test session by clamping
recording strain gauge data. a moment arm to the control wheel and then

The visual dislplay consisted of two voltmeters placing known lead weights on the beam. A
connected in parallel with the chart recorder, twenty inch moment arm wias used, with a weight
The subject was required to exert a given level of x pounds at this distance being equated to
of force on a specified control axis by neatraliz- 4x pounds at the rim of the wheel. A range of
ing a preset deflection on the appropriate meter.
'riem correct amount of deflection corresponding readings mas use forain caliraton with
to the desired force was determined prior to each readings malde on the recoring paper for every
trial using the calibration system described under tire pound increment of force.
Accessory ,quijnment. The meters were attached A standard set of (nelupel measuring equip-
to the cockpit frame as shown in Figure 2. The ment was used for the various anthropometric
left meter moved up and down registering eleva- measurements.
tor forces, while the right meter moved right or I) ,ies Previous inthropometric studies
left registering aileron or rudder forces, depend-
ing upon which force was being measured. This have shown that strength is dependent on age,
design was chosen so the direction of movement sex, height and body type. lunsicker and Grcey
of the meter pointers would be consistent with ( 1957) report that body build is closely related
that of the equivalent aircraft instruments. Each ýo strength. Asmnussen hias extended this study
meter face wias marked with a center point and to women in general, anw reports that, after cor-
a linear scale. A third meter, also connected rection for gross body size, womein are, on the



average. 7791% as strong as men. Since this figuire airmen. The overall pilot population and the
is also supported by several other studies, a female pilot population were defined in terms
sample p)opulation consisting of women p~ilots of these parameters, and an attemp~t was made
was chosen foi, this test. to secure a stratified sample of subjects to fit

The Aeromedical Certification Branch of the the desired population as$ Closely as possible for
Federal Aviation Administration has available each of the parameters. Age, height and weight
data onl age, height and weight fc,.' all active statistics for the test subjects are listed in Table 3.

TABLE 3.-Anthropometric Data for Test Subjects

Age Height Weight Upper Arm Lower Arm Upper Leg Lower Leg
Subject No. (yrs) (em) (ibs) (cm) (cm) (cm) (cm)

4 ------------ -------- 28 167.6 110 27.5 20.2 46.5 39.4
8-------------------- 44 172.7 144 32.4 25.8 52.8 41.3
7-------------------- io 165.1 110 28.7 22.7 46.0 40.6
8-------------------- 18 160.0 123 32.0 18.1 36.1 39.4
9-------------------- 28 177.8 140 34.1 24.8 51.3 45.7

10-------------------- 41 167.7 190 30.4 22.8 46.2 43.2
11 ------ -------------- 54 152.4 08 27.8 22.6 48.3 38.1
12-------------------- 24 162.5 138 28.4 24.7 43.7 40.6
13-------------------- 58 162.5 142 33.6 18,2 44.0 43.2
14-------------------- 36 172.7 150 33.0 22.3 45.8 44.5
15-------------------- 48 160.0 130 30.4 19.1 42.0 40.0
16-------------------- 28 162.5 115 33. 1 17.8 43.2 41.9
17-------------------- 23 175.3 150 30.6 24.8 48.9 43.8
is-------------------- 47 162.5 110 28.6 18.3 44.7 38.7
19-------------------- 18 167.6 107 30.6 24.5 50.0 44.5
20-------------------- 31 165.1 140 30.2 20.2 43.2 42.5
21 -------------------- 33 167.6 134 28.9 21.1 46.3 41.9
22-------------------- 39 170.2 145 29.1 22.7 42.3 42.5
23-------------------- 39 175.3 150 31.8 24.0 47.7 46.4
24 ----------.--------- 55 162.5 150 32.8 19.6 45.1 43.2
25 -------------- ------ 27 167.6 130 31.3 21.9 46.6 42.5
26---------- ---------- 27 165.1 114 31.0 22.5 48.0 43.2
27-------------------- 39 161.3 112 30.2 22.7 44.7 41.9
28-------------------- 34 160.0 120 30.8 22.6 43.9 40.6
29-------------------- 47 157.5 143 28.5 19.6 41.5 38.7

E. I:.rpe'-hnental Root~he. Each experimental do any better?" during the maximal strength
session wits ('ondlueted between the hours of tests.
9:00 11.m1. and -5:00 p.m. and la1sted froml one and The procedure for the endurance tests was
one-half to two hours. Upon arrival, thle subject exp~lained during at five minunite rest period and
completed a lpersonal dlata sheet and then was then these tests began. After explaining the
seated ill thle pilot's chalir. Shte wits then asked voltmeter operation for monitoring force level,
to adjust the selit to her normal flying position thle subject wits told to p)ush1 onl the elevator with
andl to fasten flhe safety belt. The purpose of iex' right hand, aipplying just enough force to
the exp~erimnent wits explained and standard in- recenter thle p)ointer' and thien to htold the pointer
structions were given for control operation and steadily onl center for it moment before releasing
to miotivate stil)jects to perform at their highest thle control. The subject then received standard
level, instrucetions which emphasized that the force

The six trials were thmen administered in the, lev-el wats to be maintained for ats long as p~ossible.
randolon or(ler previouisly described. Subjects. Iuring each trial thle subject wits engaiged in
were repeatedly asked the question, "Can yu a rwigconlversation inl order to keel) her



TAUL, 4.-Maximal Static Contractions for Three Aircraft Controls

Elevator Rudder Aileron

Push Obs) Push (lbs) Pull Right Left Right Left
Subject No. L. Hand R. Hand (Ibs) (lbs) (lbs) (lbs) lbs)

4 ------------------- 67 74 72 126 175 30 24
6 8------------------ 59 65 56 178 150 42 30
7 ------------------- 69 88 71 160 170 27 34
8 -----------.-.----- 66 50 50 130 120 26 28
9 ------------------- 69 63 63 192 137 30 30

10 ------------------- 84 70 87 198 150__ 38
11 ------------------ 28 45 60 81 105 30 35
12 ------------------- 67 63 70 200 190 37 35
13 ------------------- 60 50 80 195 158 28 25
14 ------------------- 77 77 59 169 136 39 26
15 ------------------- 49 70 72 250 153 35 30
16 ------------------- 122 106 89 220 275 30 32
17 ------------------- 72 72 65 230 178 31 31
18 ------------------- 46 66 78 134 136 34 30
19 ------------------- 68 68 69 148 105 25 32
20 ------------------- 64 66 94 171 184 37 19
21 ------------------- 73 76 82 165 275 28 26
22 ------------------- 74 90 98 225 230 38 30
23 ------------------- 74 91 47 120 225 39 41
24 ------------------ 69 78 80 225 215 36 30
25 ------------------ 81 110 80 164 250 29 30
26 -..--------------- 88 68 60 160 275 36 45
27 ------------------- 70 59 59 150 168 23 23
28 ---------------.... 69 57 57 225 182 26 20
29 ------------------ 66 104 104 230 182 42 29

mind off the arm or leg in use. Subjects were TABLE 5.- Means, Standard Deviations, Maximum,
told how previous subjects had done on this trial Minimum and Range of Maximal Control Forces
and also how they were performing. An attempt
was made to instill some spirit of competition Mean Stand- Maxu- Minim Range

Max. ard mum mum (lbs)
among them in order to increase their motiva- Force Dev. (Ibs) (Ibs)
tion to apply force to the control as long as Control Axis (lbs) (lbs)
possible.

During rest periods the subject was free to Elevator
move about, smoke, and have coffee or a coke. Push
Anthropometric data was also taken during these (Left Hand) 69 17 122 28 94

periods and further discussion of the experiment Elevator
took place in order to interest the subjects and Push
increase their motivation. (Right Hand) 73 18 110 36 74

JII. Results and Discussion. Elevator
Pull 72 15 104 47 57

A, Di),tribution of .1/aximal Strength Data. Right
The maximal strength data for the test sub- Rudder 177 43 250 81 169

jects is listed in Table 4. Mean maximal forces, Left
standard deviations and ranges are given in Rudder 178 48 275 96 179
Table 5. The distribution of data was found Right kileron 33 6 42 23 19
to follow a normal distribution for each con- Left Aileron 30 6 45 19 26
trol, using the Kalmogoroff-Smirnof test. ... -.



The wide range of strength capabilities can an adequate range of adjustment even when the
be attributed in part to the inherent strength elbow angle is compromised.
characteristics of the subjects, but a variation in No information is available reporting the opti-
strength was also observed as a function of seat mal elbow angle for maximal aileron strength;
position. however, Damon (1966) states that an elbow

Past experiments in the field of maximal angle of 90 degrees is most favorable for the
strength measurement have generally been de- exertion of torque on a wheel control. Elbel
signed so that all subjects were seated in the same (1949) measured maximal leg strength capabil-
position relative to the point of force applica- ities for the exertion of force on aircraft rudder
tion. Such a design required that the angles pedals and used knee angles between 106 and
at the subject's elbow and knee be kept constant 116 degrees and foot angles between 55 and 65
at certain predetermined values. The seat posi- degrees for his subjects. His assumption that
tion was adjusted to achieve these angles, rather angles in these ranges were optimal was based
than testing in the subject's preferred position, on extensive consultation with heavy bomber
Since the present study was conducted to predict pilots. More recently, Dupuis, Preuschen and
the actual strength capabilities of a pilot in Schulte (1955) reported a knee angle of approxi-
flight, it was decided to allow each subject to uiately 150 degrees as optimal for the exertion
adjust the seat. to the position in which she nor- of force on i pedal control.
mally flies. This design placed every subject Since the elbow and knee angles for force
in a different position relative to the controls application were not controlled, but allowed to
and thus gave the subjects different strength vary with the subject's lpreference, a correlation
capabilities in terms of the biomechanics of force analysis as reported in the next section was per-
exertion. In light of this fact, the maximal formed to investigate their relationship to maxi-
strength data represents the strength capabilities real strength.
of female pilots in the posture in which they Maximal strength measurements for elevator
normally fly and not what they might be able to push were taken for both the left and right
(do in any given optimal or minimal posture. hands and provide for an interesting comparison

The results of this study indicate that push of data. The mean maximal strength for the
strength increases as the elbow angle increases left l1nd was 69 pounls with a stAndard devia-
for tile positions tested. This result agrees with tion of 17 pounds, while the mean right hand
Caldwell (1964), who found that aa elbow1 angle push strength was 73 pounds with a standard
between 135 and 160 degrees provided optilmual deviatioa of 18 pounds. Since one subject was
strength capabilities in arm extension against not right handed, the slightly higher value
an isometric dynamometer handle. Gough and for the right hand push agrees with Hunsicker's
Beard (1936) and others have also found that (1957) statement that right-handed subjects are
elevator l)ush strength increases with increasing slightly stronger with the right hand than with
distance I)etwecn the elevator control and the the left.
pilot's seat. The rudder forces which were recorded for

While it might seem that a recommendation both the left and right leg also provide an in-
should le made for seating pilots so that the teresting comparison of data. The mean maxi-
desired elbow angle i- achieved, this study demon- 1a1l left rudder force was 178 pounds with a
startes that other problenms arise. All the test standard deviation of'48 l)ounds, while the mean
subjects adjusted their seat position relative to force for right rudder was 177 pounds with a
tie wheel so that they could achieve full rudder standard deviation of 43 poluds. This similarity
control, if possible. Since most general avia- between strength capabilities for the left and
tion aircraft have fixe(l rudder pedals, the elbow right legs supports Watt's (1963) contention
angle is determined b y this Seating l)O~ition to that there is no difference in leg strength between
achieve rudder control. Some subjects were also the two legs.
found to fly regularly with a pillow behind their The mean maximal force for right aileron was
back in order to reach the rudder control, since slightly greater than that for left aileron due
most general a iaition aircraft do not provide to the bionteclanics of the moovement. When
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turning a wheel to the right with the left hand, angles are in the range of increasing. fore
the arm is free to be fully abduced, while a turn capability for leg extension given by Dupuis
of the wheel to the left with the left hand allows Preuschen and Shulte (1955). The correlatior
no room for arm abduction since the arm is between foot. angle and maximal left .ruddei
already at the subject's side. strength was insignificant.

The review of maximal control forces allowed (2) Endurance Data. The data from the
by current regulations indicates that elevator endurance trials is presented in Tables 7, 8, and
and aileron levels allowed are higher than 50 9 for elevator push, left rudder and left-aileron
percent of the subjects could attain, while the respectively. The tables give the time in secondE
allowed force levels for rudder could be attained that each level of force was maintained and the
by all but six subjects. percentage of each subject's maximal force

B. Correlatio, Anal/.pes. (1) Maximal measured on the specified control represented by
Strength Data. The correlation of maximal this level of force. For example, referring to
strength data with the set of anthropometric Table 7, subject number four held a 15 pound
parameters is shown in Table 6. No significant elevator lush for 247 seconds. Her maximum
correlations were obtained for the personal varn- right-handed push is listed in Table 4 as 74
ables of age and height on any control axis. A pounds, so the 15 pound force represented 20%
significant negative correlation (r=-0.52) was of this subject's maximum for elevator push.
obtained for weight versus maximal strength on Likewise she held 30 pounds (40% of maximum)
left aileron, and was not correlated significantly for 65 seconds and 45 pounds (61% of maximum)
with forces on any other control axis. for 14 seconds.

A strength endurance index was computed
TABLE 6.-Correlation Coefficients for Maximal Strength for each subject and each experimental condition

Versus Seven Anthropmetric Parameters
TABLE 7.-Strength Endurance Data for Elevator Push

Maximum
Push Maximum Maximun 15 lb. 30 lb. 45 lb.

Parameter Right Hand Left Rudder Left Aileron
- Subj. Time % Time % Time %

Age -0.273 -0. 102 -0. 161 No. (see) Max. (see) Max. (see) Max.
Height 0.279 0.186 0.016
Woight 0.096 0. 153 0. 519'* 4 ------- 247 20 65 40 14 61
Elbow Angle 0. 342* ------ -0. 170 6 ------- 300 34 120 51 85 68
Knee Angle ------ 0. 412** ------ 7 ------- 145 17 60 34 18 51
Foot Angle ------ 0. 192 ------ 8 ------- 213 30 28 60 21 90
Seat Back Ht 9 ------- 300 24 136 48 30 72

as % of 10 ------- 300 21 163 42 63 63
Shoulder fit -0.125 -0.377* -0.405 11 ------- 239 33 58 67 17 99

12 .------ 166 24 15 48 17 72
13 ------- 126 30 90 60 54 90

*Significant at 10% level for > 0. 338 14 ------- 300 19 135 39 43 58

**Significant at 5% level for > 0. 398 15 ----- 300 21 64 43 25 64
16 ------- 300 14 300 28 103 42
17 ------- 300 21 187 42 78 63

A. significant correlation (r=034) was ob- 18 ------- 169 23 22 46 29 68
tained between elbow angle and maximal elevator 19 --.-... 193 22 62 44 38 66

push, indicating better performance at the larger 20 ------- 300 23 70 44 61 66
angles (135-160 degrees). Knee angle also cor- 21 ------- 300 20 59 39 3 59

related significantly (r=0.41) with maximal 22 ------- 300 17 107 33 61 50
23 ---.-. 300 16 190 33 51 49

strength on left rudder. 24 ....... 300 19 105 38 61 58

The correlation between elbow angle and maxi- 25 ------- 300 14 120 27 59 41
real strength wias significant (r=0.34) for eleva- 26 ------- 205 22 67 44 60 66

27 ------- 117 27 73 54 39 80tor push, but was insignificant for left aileron. 8 .------- 103 15 94 29 10 44
Knee angles from 89 degrees to 119 degrees 29-.- -. 300 21 61 42 1i 63

were measured for the test subjects ,nd these
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TABLE 8.&-Strength Endurance Data for Left Rudder related significantly with endurance. Tihe signifi-
cance of seat-back height can l.'obably be ex-

35 lb. 70 lb. 105 lb. plained by considering this parameter as a
measure of the torso support. provided the sub-Subj. Time % Time %A Time %A je migtl nurnetil nywih

No. (sec) Max. (see) Max. (see) Max. ject during the endurance trial. Only weight
correlated significantly with endurance at the

4-------235 20 62 40 30 60 45 pound level of force.

6 ------- 300 27 145 47 107 60 The endurance index for left rudder did not
7 - -. 300 21 90 41 27 62 correlate significantly with any of the anthropo-
8 ------- 300 29 110 58 43 87 metric parameters except age (r=0.51) and
9 ------- 300 26 100 51 25 77 weight (r=0.37) at the 70 pound of rudder

10 ------- 300 23 300 46 254 70
11 ------- 300 33 300 67 141 99 force.
12 ------- 300 18 127 37 95 55 The endurance index for left aileron correlated
13 ------- 300 22 300 44 105 66 significantly (r=-0.48) with elbow angle for a
15 ------- 300 23 208 46 66 69 10 pound aileron force. The data indicate that

16 ------- 300 17 300 34 300 53 subjects with smaller elbow angles were capable
17 ------- 300 20 264 39 176 59 of greater left aileron endurance at this level of
18 ------- 300 26 218 52 112 78 force than those with large elbow angles. Cor-
19 ------- 300 33 300 67 3 99 relations with other variables were significant
20 ----- 300 19 300 38 85 57
21 ------- 300 13 300 25 82 38 at this level of force as were all correlations at
22 ....--- 300 15 78 30 161 46 the 15 pound left aileron force. The only signifi-
23 ------ 300 16 192 31 105 47 cant correlation at the 25 pound level of force
24 ------- 300 16 300 33 300 49
25 ------- 300 14 151 28 196 42 was again between elbow angle and the endur-
26 ------- 300 13 300 25 99 38 ance index (r=-0.35).
27 ------- 300 21 184 42 70 61
28 ------- 300 19 108 38 47 58
29 ------- 300 19 300 38 300 58 TAELSZ 9.-Strength Endurance Data for Left Aileron

Subj. Time % Time % Time %

for use in the correlation analysis. This index No. (see) Max. (see) Max. (see) Max.

was eqaal to the product of endurance time
in seconds and the relative load (percent of each 6 ------ 47 19 25 57 1 96•6------.295 30 85 150 17 67
subject's maximum) represented hq the level of 7 ------- 65 29 36 44 10 74
force maintained in each experimental condition. 8 ------- 79 36 145 54 1 89
Again referring to Table 7, the strength endur- 9 ------- 300 33 148 50 120 67
ance index for subject number four for a 15 10 ----. 66 - 23 . 24 ..

pound elevator push would be 247 multiplied by 11 ------- 300 28 30 43 7 71
12------..70 29 40 45 7 71

0.20, or 49.4. Likewise the index for a 30 pound 13 ------ 300 40 133 60 84 99

push would be 65 multiplied by 0.40 or, 26.0. 14 ------- 300 38 55 58 7 96
Correlation c(efficients' were then computed for 15 ------- 300 33 26 50 17 83

the strength endurance index versus the an- 16 ------- 121 31 64 47 0 78
17 ------- 300 32 89 48 28 81

thropometric parameters of age, height, weight, 18 ------- 75 33 23 50 24 83
elbow angle, knee angle and foot angle. In 19 ------- 300 31 39 47 9 78
addition, another parameter called seat-back 20 ------- 122 40 72 60 2 99

height was correlated. The results of this an- 21 ------- 300 38 70 58 9 96
alysis are presented in Table 10. This parameter 22 ------- 108 33 52 50 22 90

23 ------- 71 24 58 37 24 61
is computed by expressing seat-back height as a 24 ------- 202 33 123 50 9 83
percentage of seated shoulder height. 25 ------- 122 33 55 50 18 83

Both weight and seat-back height were signifi- 26 ------- 162 22 53 33 36 55
27 ------- 69 43 44 65 0 109

cantly correlated with endurance for the 15 28 ------- 72 40 48 60 4 99
pound elevator push. For the 30 p)ound push, 29 ------- 80 34 62 52 9 86
height, weight and seat-back height all cor-



TABLE 10.-Correlation Coefficients for a Strength purposes of this study was to define the load-
Endurance Index, (% Max. Strength) x (Endurance endurance relationship for pilots operating air-
Time), Versus Seven Anthropometrie Parameters craft controls. A polynomial regression analysis

Elevator Push was performed for this purpose, using the time
a given level of force was maintained as the

Parameter 15 lb. 30 lb. 45 lb. dependent variable and the relative load as a
percentage of maximal strength as the independ-

Age -------------- 0. 2359 0.1194 0. 0903 ent variable. Three data points, corresponding
Height ------------ 0.2116 0.4981* 0.3372 to performance of each of the three levels of
Weight ----------- 0.3463* 0. 4577** 0.3795* force on a given control axis, were obtained for
Elbow Angle -------- 0. 1606 -0.2186 -0.2890 each of the 25 subjects giving a total of 75 data
Seat Back Ht.

(% Shoulder Ht.) -0.3663* 0. 5141** 0.2953 points for each control axis tested. Prediction
equations were then obtained for endurance time

Left Rudder iln terms of reliative load for the three control

Parameter 35 lb. 70 lb. 105 lb. axes.

_- In interpreting the predicted curves for the

Age -------------- 0.3267 0. 5052** 0.2264 load-endurance relationships for the three control
Height ------------ -0.2548 -0.3001 -0.3314 axes tested, the fact must. be kept in mind
Weight ----------- -0.0048 0. 3702* 0.1026 that the subjects were all tested at the same levels
Knee Angle ------- -0.3192 0.1248 0.0344 of force rather than at the same relative loads.
Foot Angle- ----- 0.3226 -0.0118 0.2893 This design l)ermitted a wide variation of rela-
Seat Back lit.

(% Shoulder lt.) 0. 1452 0. 1234 -0.2981 tive loads among the subjects tinder any given
Left Aileron experimental condition and thus the shape of the

individual relative load-endurance curves also

Parameter 10 lb. 15 lb. 25 lb. varied. Most individual curves resembled some
type of exponential curve: but, some curves were

Age -------------- 0.2294 0.0491 0.2106 nearly linear. In certain cases the three standard
Height ------------ 0.2081 0. 1476 0.3303 levels of relative load were high as compared to
Weight ----------- 0.0559 0.1716 0.1370 a given subject's mnaximnal strength, since the
Elbow Angle ------ -0. 4767** -0.3338 0. 3546* levels used were a compromise.
Seat Back Ht.

(%Shoulder lit.) 0.2338 0.2208 0.3179 'IThe polynomial regrOssion program used for
-..... analysis was designed to compute linear, quad-

tat 10% level for r 0.338 ratic and cubic equations f(,r each set of 75 data
**Significant at 5% level for r 0.398 points. An analysis of variance for the regres-

sion equation as compared to the residual vari-
(3) Multiple Linear Regression Analysis for ance was computed for each curve fitted.

Maximal Strength Data. In addition to deter- The plot of endurance time ver'sus relative load
mining whether certain anthropoometric variables for elevator push is shown in Figure 3. Although
were. correlated with maximal strength on an there is a wide dispersion of points, a definite
individual basis, it is of interest to determine relationship between endurance and relative load
how much of the variation in maximal strength can be observed.
can be predicted, or explained by the set of these riihe wide dispersion of data points results from
variables (r"). the combining of endurance curves for 25 sub-

A multiple linear regression equation for right- jeets into one distribution. An evaluation of
hand elevator push indicated that the variables the analysis of variance for the regression equa-
of elbow angle, height, seat-back height. weight tion indicatt, that either a linear or cubic equation
and age could explain 29 percent of the varia- can he fitted to the data. Since it has been
tion in maximal strength, where the variables are shown by other inm'estigators that the relative
again listed in decreasing order of importance. strength versus enduran(ee function should aip-

(4) Regression AnalYsis for Load-Enduran(e proach an asymptote at 15 to 20 percent ef maxi-
Data. As stated in the introduction, one of the meal strength, the cubic equation was selected
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FiouRE 8--Plot of Relative Load Versus Endurance Time for Elevator Push.

as the most suitable function. The prediction that the relationship shown has a more constant
equation for elevator pusli versus time can be slope than for elevator push, which agrees with
expressed as follows: the load-endurance relationship given by Cald-

time (see.) =474.44-14.13647 (relative load, well (1964). "In this case, the linear equation
fitted and the cubic equation fitted are similar,% of max. strength) +0.14431 (relative load, following a relatively constant slope.

% of max. strength)l' -0.00046 (relative load, The predicted linear equation for relative load
% of max..strength) ' . on IeAi udder is as follows: V

The five significant digits are shown because time (see.) =41.880-3.228 (relative load, %
of the small magnitude of the cubic term. of max. strength)

The predicted load-endurance relationship for The final predicted polynomial equation is as
left rudder is plotted in Figure 4. It is apparent follows:
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time (see.) =387.3550-5.55406 (reative load, time (see.) =298.154698-4.86167 (relw ;re
% of max. strength) load, 97 of max. strength)
+0.02930 (relative load, % of max. +0.00330 (relative load, 1c of anax
strength)2 strength) 2

-0.0007 (relative load, % of max. strength)3 -0.00017 (relative load, % of max.

The load-endurance relationship for left aileron strength) 3

is shown in Figure 5. Th6 predicted p)olynomial equation for each
The relationship is more similar to that ob- control axis has been plotted in Figure 6. It

(ained for elevator push than for rudder force. can be seen that the preldiction equations for

The final polynomial prediction equation for rudder and aileron indicate an intercept, which
the relative load-emhdurance relationship on aileron is not in keeping with the results of other inves-
is as follows: figators. This result can be explained by observ-
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ing that the force levels chosen for endurance IV. Summary.
testing were not low enough to permit the sub- This study was conducted to examine the con-
jects to reach an ai:yniptote, and thus the curves trol forces which cquli be produced by a small
do not reflect this segment of data. However, trolplation of female pilots. The control forces
the results tre useful within the range shown, were in terms of a few seconds maximal effort,
and do demonstrate that an exponential relation- wer in ternts of maximal effort ,
ship does exist between relative load and endur- anld a lercentage of maximal effort which was
ance, as shown by other investigators. The wide held as long as possible. A groand-based,
dispersion in the data further indicates the wooden "cockpit" equil)l)ed with strain gauges
hazards of testing only it few subjects as has to measure elevator, aileron and rudder forces
been done in the past, without taking into ac- was used to test a selected sample of 25 female
count the range of p)erformance which specifica- pilots. The results obtained indicate that maxi-
tions of allowable force level must include. muni allow•lvae force levels, as permitted by cur-
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"ent regulations, may be too high in relation to ance curves of other investigators was found
the strength capabilities of a portion of the to apply to the tests of endurance, although
female pilot population. There is also an indi- there is the need to perform further testing to
cation that all present general aviation cockpits explore low levels of relative load versus endur-
do not accommodate the range of seat, wheel and ance. Finally, on the basis of these preliminary
rudder control adjustment needed by many female findings, it is recommended that more detailed
pilots. The use of biomechanical principles to and comprehensive simulator and in-flight re-
assess the adequacy of cockpit control layout for search be conducted on the ability of female
force application is suggested for fhture aircraft pilots to safely control an aircraft during emer-
design. Further, the relative load ,ersus endur- gency control conditions.
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